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Abstract 
This thesis presents the steps involved with the research 
and design of a robot manufacturing cell designed to 
machine a small family of high quality castings. The cell 
analysis included research of cell control and machine tool 
control upgrade capabilities, material handling devices, 
part selection, machine capacity, and economic justifica-
tion of the final cell configuration. 
A machining cell was developed in which the robot control-
ler performs the cell control, providing lock-step coor-
dination of all the cell components. The machine tool was 
upgraded for improved performance in the unattended machin-
ing environment, utilizing in process probe inspection, 
fixed probe tool inspection, and adaptive control hardware 
and software improvements. The material handling function 
is achieved by an industrial robot loading parts from a 
conveyor into two different machine tools. Incoming and 
outgoing conveyors are utilized for in process casting 
storage. The robot was equipped with a vision system to 
determine the position and orientation of the parts for 
robot grasping. 
The part family was determined by selecting the parts which 
require the highest relative quality, provide sufficient 
volume for unattended shift operation, and require similar 
• lV 
tooling and fixturing. An economic analysis was used to 
justify the final configuration of the cell and was based 
on the productivity improvements, unattended operation 
benefits, as well as the improvements in quality associated 
with the cell. 
In carrying out the analysis for developing the cell, com-
puter tools were utilized to design the initial cell layout 
and analyze various alternative configurations. An ex-
amination of the utility and the advantages and disadvan-
tages of the present robot simulation and layout systems, 
with suggestions for improvement was then developed as part 
of this work. 
Finally, a compendium of the problems associated with cell 
production in small batches using a robot loaded cell has 
been developed and is presented in the conclusion of this 
thesis. Specific areas of new development are required in 
automatic fixturing and providing improved robot communica-
tion capabilities for this type of cell to function unat-
tended for extended periods of time. 
·v 
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1. Introduction 
1.1. Background 
The American manufacturing environment is undergoing a 
dramatic change to remain competitive in the international 
marketplace. America no longer has the advantage in 
producing the highest quality products at the lowest cost, 
and must transform their manufacturing floors into in-
tegrated manufacturing systems to produce world class 
quality products at competitive prices. 
One of the first steps is the implementation of flexible 
machining cells, or groups of machines and associated 
materials handling equipment managed by a supervisory 
computer. These cells are designed to function unattended 
for a period of time, for example overnight, thereby 
greatly reducing manpower requirements, 
• • increasing 
productivity, and increasing machine utilization. The 
• im-
provements in control of the components of the cell can 
also dramatically improve the quality of the parts released 
from the cell. 
1 
1~2. Thesis Objectives 
It is the objective of this thesis to provide an detailed 
analysis of the implementation of robot manufacturing 
cells. It begins with an introduction, which is followed 
by a discussion of generic manufacturing cells. The 
characteristics of these cells and design criteria are 
presented as background information and as for comparison 
with the cell designed for this thesis. This is followed 
in the next section by a more detailed discussion of robot 
manufacturing cells in particular. The functions of the 
individual components as described by the National Bureau 
of Standards are compared to the client cell. The func-
tional discrepancies are then analyzed and recommendations 
for improving the functions are presented. 
The details of the designed robot manufacturing cell are 
presented in Chapter Two. The alternatives for retrofit-
ting the current machine tools, the automatic fixturing 
equipment, the industrial robot, the gripper, the inspec-
tion equipment, the parts storage system, and the cell con-
troller are compared and the recommendations are justified. 
Chapter Three presents the considerations for the cell 
other than specific components • 
Q 
. ,-.,, 
~ 
These include the selec-
'') 
tion of the specific parts to be produced in the cell, the 
economic justification for the cell, the safety and main-
tenance requirements. 
Chapter Four discusses the use of computer tools, specifi-
cally McAuto's PLACE and Group Technology in the design of 
the cell. The method of utilization, as well as the advan-
tages and disadvantages of these tools are discussed. 
Chapter Five presents improvements and future study discus-
sion of autonomous operation in manufacturing cells, and 
compares the state of the art to the cell developed in this 
thesis. 
presented. 
The near term upgrades in the cell are also 
3 
-1. 3. Manufacturing Cells 
This section is devoted to discussing the current charac-
teristics and capabilities of manufacturing cells to 
provide a basis for developing a robot manufacturing cell 
in the next chapter. 
A manufacturing cell is a machine or group of machines and 
associated materials handling equipment managed by a super-
visory computer.[1][2] These cells are designed to func-
tion unattended for a period of time, for example 
• 
overnight, thereby reducing manpower requirements, 1ncreas-
ing productivity, and increasing machine utilization. 
While most cells are designed to process one family of 
parts, the greatest benefit to the manufacturing firm will 
be obtained if the cell is designed to be flexible, able to 
process a variety of parts with little operator interven-
tion between batches. Keeping flexibility in the cell 
• 1S 
best implemented by keeping certain principles in mind: 
The cell and its component pa:r~ts and pieces must be 
modular. 
The cell and its components fit into a structured 
hierarchy.[1] 
4 
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The method to design the cell for future integration was to 
design modularity, by defining specific inputs and 
outputs.[!] The manufacturing system is the basis for 
modularity, and must have the following characteristics. 
In designing cells for a manufacturing system, the 
designation of the functions of the individual com-
ponents is important. Linking all of the components 
is the information system which monitors information 
within the cell. The parts may be moved manually or 
automatically from cell to cell, in either case, the 
manufacturing system should track the parts. Informa-
tion will be moving from cell to cell and must be 
monitored. The system is also responsible for coor-
dinating the information routing between the cells, 
for example, when a job moves from cell to cell, the 
batch status information follows the parts. This al-
lows the destination cell to have access to batch 
sizes, their type, their position and orientation, 
etc. The Cutkosky [1] states that in the beginning, 
information giving the part description and orienta-
tion may not be ~sed since the cell program will as-
sume a particular orientation for a particular part 
type. But, as cells become more sophisticated, they 
5 
will assume less, and will instead, rely on their 
sensors, aided by the information accompanying the 
parts as they enter the cell. The manufacturing sys-
tem stores and mai11tains the robot programs and the 
CNC machine tool programs associated with producing 
the families of parts. 
The cell hosts requires a variety of instructions from 
the system. The cell control programs for a given 
part, for example, come from the system level 
computer. The same system is responsible for main-
taining statistical information on the processes 
the cell. Cutkosky [1] also presents the following as 
necessary information for autonomous operation: the 
use, maintenance, and history statistics. 
This manufacturing system should allow the cell to 
degrade over time, as individual components fail. 
This feature allows the cell to continue to run while 
peripheral equipment is repaired or replaced. As an 
added benefit, the system should be able to systemati-
cally reinstate peripheral equipment as it is replaced 
in the cell. 
·t It should be noted that some of the components of the 
6 
factory will lie outside the manufacturing system.[!] 
Some of these have been suggested, the processing of 
raw materials, the inventory and its control, the 
maintenance functions, the CAD/CAM functions. 
The initial stages of manufacturing cell development 
require research into the product • mix, part families, 
manufacturing volumes, labor costs, systems and software, 
and fixturing.[3] Once a good understanding of the product 
and the process has been established, the components of the 
cell can begin to be organized. This approach was 
followed, beginning with the part selection and then 
progressing to the selection of the processing equipment 
and the material handling equipment. 
7 
1.4. Robot Manufacturing Cells 
This chapter enhances the concepts of manufacturing cells 
with the ac1.di tion of industrial robots for material ban-
dling operations. The National Bureau of Standards has 
separated the functions of the robot and the machine tool 
in the development of their Automated Manufacturing Re-
search Facility. This research is supported by work with a 
Lehigh Valley manufacturing firm in connection with Lehigh 
University, henceforward the client company. Their results 
are presented, and then the client's cell is compared to 
this functionality list. The discrepancies are discussed 
with a discussion of their implication. 
1.4.1. The NBS Functional Description 
A robotic cell provides consistent high quality, through 
consistent part loading, with a reduction in hazardous and 
repetitive, material handling operations. In the develop-
ment of the cell, the processing operations of the robot 
and the machine tools were separated for better control and 
definition. The NBS's AMRF provided the basis for the 
division of the cell's operations between the robot and the 
machine tool in [5] as follows: 
8 
Robots Arm Functions: 
Part loading and unloading 
Tool loading and unloading 
Rough (150 mil) part fixturing or fixture as-
sembly 
Chip removal and control 
Coarse visual inspection of fixtures and parts 
Initial part and tool location 
End effector selection 
Deburring and cleaning 
Safety 
Self monitoring 
Machine Tool Functions: 
Machining 
Part location 
Tool wear/breakage sensing 
Tool setting/checking 
Process monitoring (cutting) 
Dynamics 
Thermal 
Hydraulics 
Self monitoring 
Deburring and cleaning (as part of the machining 
operation) 
Adaptive control 
The cell developed for the client company follows this 
guideline, with the exception of a few functions. 
The first difference is an enhancement to the machine 
tool functions. The tool loading and unloading is ac-
complished by both the robot and the machine tool. In 
the client's cell, the robot loads and unloads it's 
tools and end effectors from the storage area. 
Likewise, the the machine tool loads and unloads tools 
from the self contained storage area, providing a 
9 
• 
thirty tool storage capacity. This allows increased 
flexibility in processing various part families. 
Another area of deviation is in the coarse inspection 
of the fixtures by the robot, but the robot does 
provide inspection of the incoming castings on the 
conveyor. 
The final area not covered by the client's cell is the 
deburring and cleaning during the machining cycle by 
the machine tool. This operation is left for the 
operator in the near term of initial cell 
implementation, but will be discussed in length in the 
following chapter, the enhancements to the cell. 
10 
2. Robotic Manufacturing Cell Components 
The specific equipment alternatives and selection 
• is 
presented in this chapter. The specific components
 must 
accomplish machining, part movement, inspection, storag
e, 
and cell control. 
The robotic cell developed contains two CNC machine tool
s, 
one industrial robot, and one conveyor system. Addit
ion-
ally, the cell contains some peripheral equipment, the c
ell 
controller, the vision system for the robot, the fixturin
g 
for the CNC machine tools, the tooling for the CNC machi
ne 
tools, and the end effectors for the robot. 
:2: .1 . CNC Machine Tools 
The machine tools in the client company's plant floor c
on-
sist of one Cincinnati Milacron lOVC-2000 with an Acrama
tic 
900MC controller and one Monarch VMC150 with Gener
al 
·Electric 1050 controller. Both the Milacron and t
he 
Monarch machining centers require some modifications 
to 
function more safely and reliably in the automate
d 
environment, specifically, the following equipment w
as 
selected to improve operation of the machines. 
11 
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2.1.1. Spindle Probe Option 
The addition of spindle probe hardware and software options 
provide these automatic in-process operations: 
Part fixture verification 
Locate alignment device on fixture with respect 
to the machine tool pallet. 
Part alignment 
Locate the part with respect to the fixture. 
Part inspection 
Inspect dimensions on the finished part to within 
+-0.05mm. (+-0.002") tolerance. 
The spindle. probe option increases ·the reliability and 
safety of the machining operation by insuring the part is 
loaded correctly. It also takes advantage of the machine 
tools precision and control capabilities to add almost im-
mediate feedback to the machine tool. If there is some 
misalignment of the fixture or of the part, the probe will 
adjust the part program to the new orientation of the part. 
If a gross error is detected, or the part is not found, 
corrective action is used or the operator is alerted. 
12 
Important considerations for selecting this optional equip-
ment were the following: 
Cycle time 
Accuracy of dimensions 
In the area of cycle time, the normal cycle time for the 
spindle probe is 60 to 80 seconds. After the part has been 
machined, it receives and in-process inspection for dimen-
sional accuracy within +-0.05mm. (+-0.002") by the probe. 
While this is sufficient for some operations, others, such 
as the depth of a blind hole, will not be determined. 
Another important advantage of the probing system is the 
utilization of statistical process control methods into the 
production system. Alternate tool selection and compensa-
tion can now be based on arithmetic calculations instead of 
operator judgment. A discussion of the statistical process 
control is given by [11]. 
In practice, the probing cycle inspects the part between 
roughing and finishing operations. The results are 
analyzed by the controller in accordance with narrow limit 
gauging practice, a technique based on statistical tech-
niques similar to control charts.[11] If excessive errors 
13 
above a predetermined statistical limit are discovered, the 
tooling offset is automatically modified before final 
machining. This sequence is repeated upon final machining, 
and the results are tabulated for inspection reporting. 
14 
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2.1.2. Fixed Probe Option 
The fixed probe provides the following: 
Broken and dull tool detection 
Tool inspection 
Tool length check, set, and reset 
Before each cycle, or every n cycles where n can be deter-
mined from historical data and utilization of each tool, 
the fixed probe measures the length of the tool, and com-
pensates for normal tool wear by changing the tool length. 
The software also monitors the progression of tool wear and 
can signal for an alternative tool to be used on subsequent 
operations if the tool wear reaches a predetermined upper 
limit. The normal cycle time for the probe is 20 seconds, 
with only one touch up required at a close range. 
The fixed probe updates tool offset data automatically in-
stead of the more usual manual operation. One author [11] 
states that experience has shown manual gauging and offset 
adjustments are subject to unavoidable operator errors and 
delays; the probe system which uses the machine's CNC and 
software, does the correction accurately and automatically. 
15 
2~1.3. Adaptive Control Option 
The Adaptive control provides the following advantages to 
the unattended manufacturing cell: 
Adaptive Control provides broken and worn tool detec-
tion while machining. 
Adaptive Control modifies feedrate in response to 
motor torque. 
The broken tool detection provides a valuable safeguard 
against tool failure during unattended operation, and 
provides additional safety for the machine tool and the 
parts should tool failure occur. The software monitors the 
torque of the motor during idle machining, which • l.S the 
torque required to drive the gears an the spindle. The net 
cutting torque is obtained during machining by subtracting 
the idle torque from the gross torque. The net torque in 
constantly compared to the maximum capabilities of the 
machine tool . The system works because the torque of the 
motor increases dramatically when the tool becomes very 
worn or breaks . Corrective action is taken based on the 
limit that is exceeded, the three alternative actions are 
presented in the following: 
16 
Coolant is turned on 
Reduction of Feedrate 
Machining cycle is interrupted 
The first action is to turn on the coolant, if possible or 
if not already turned on. If this action is not 
sufficient, the feedrate is reduced, and if neither of 
these corrective actions reduces the torque, the machining 
cycle is interrupted. 
17 
The typical benefits obtained from the addition of the 
Adaptive control option using the Cincinnati Milacron 
Machining Center as a basis.[15] 
Part Name 
Material (Hardness) 
Solenoid Valve Plate 
AISI 1018 (180 Bhn) 
Ball Cage 
AISI 8650-H (300 Bhn) 
Figure 1. 
Optimum 
NC Time 
• 28:. 75 min. 
16.50 • min. 
18 
AcraSense 
TCM Time 
22.45 • min. 
13.60 • min. 
Productivity 
Increase 
2.,9.:~ . .. ·O 
21% 
... 
2.2. Fixtures for the Machine Tools 
Fixturing has become the bottleneck of an otherwise 
autonomous operation, on other words, it is the hard 
automation segment of a flexible system. The small produc-
tion quantities and wide variety of part sizes in the 
client company's product line makes the use of general pur-
pose fixturing difficult. The added expense of including 
solenoid directional control valves instead of manual 
valves was offset by improved quality and increased produc-
tion rates. 
These solenoid valves can be controlled by the extra M-
codes in the CNC machine tool control, and acknowledge 
positive actuation with a signal returned to the CNC 
controller. This acknowledgment signal prevents the robot 
from removing the part Hntil the fixture has released the 
part. This equipment is general purpose, and will be used 
on more than one fixture. 
For a cell with the pallet shuttles, another problem 
arises. The automatic clamps holding the parts will not be 
permanently connected to a hydraulic source. To remedy 
this problem, an automatic pallet changer with automatic 
fixturing can be designed using a self contained hydraulic 
19 
system with an accumulator, providing it can maintain 
adequate pressure for two hours, or longer for more heavily 
machined parts. These systems use a coupling at the 
load/unload station to apply hydraulic pressure for loading 
and unloading of the parts. Before the part leaves the 
station, the hydraulic lines are automatically disconnected 
and the accumulator retains adequate pressure for the 
machining cycle. 
Another point of view [6], suggest that most powered clamp-
ing currently in use consists of single acting hydraulics. 
With these single acting clamps, the clamp only holds when 
hydraulic pressure is applied. When the pressure is 
released, spring action opens the clamp~ This need for a 
continuous high pressure hydraulic supply throughout the 
clamping procedure, regardless of pallet location, 
• is a 
serious drawback for single acting hydraulics. To solve 
these problems, either a power source has to be mounted on 
the pallet or a hydraulic source has to be connected to a 
mobile pallet while in the load/unload station as pre-
viously discussed. One alternative now available is posi-
tive lock hydraulic clamping. In this situation, hydraulic 
pressure is applied to retract the clamp. Releasing the 
pressure frees a spring that clamps the part, while apply-
ing hydraulic pressure to the clamp retracts the spring, 
20 
unclamping the part. Loss of pressure does not cause the 
part to unclamp. Mechanical boosters mounted on pallets 
and activator wands at load/unload stations can operate the 
clamps without connecting a hydraulic line to the 
pallet. [6] 
~--·· 
In the final design of the client's cell, this type of 
transportable fixturing system is not required for the ver-
tical machining centers because they do not support the use 
of pallet changers. Hence, the fixtures are not required 
to be removed from the hydraulic source. 
J. 
21 
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"2.3. Industrial Robot for Material Handling 
From a preliminary study, there were three robots that met 
the work volume requirements of the cell, the ASEA IRB-60, 
the ASEA IRB-90, and the Cincinnati Milacron T3-776. This 
selection was made by considering the work volumes of the 
various robots on the PLACE system using an initial cell 
layout. 
Some other features that should b·e compared are the 
following: 
Cost '\ 
Work Volume 
Repeatibility 
Weight capacity 
Degrees of freedom 
Vision system support 
Types of motion support 
Communications support 
Future MAP compatibility 
Off line programming ( Interface with McAuto' s Command 
offline programming system). 
These are detailed in the section that follows: 
2.3.1. Industrial Robot Comparisons 
2.3.1.1. Cost 
From the initial survey, 
robots was determined. 
the following costs for 
22 
• various 
Three to four axis material handling robot 
Five to Six axis robot 
$40,000.00 
$80,000.00 
Five to Six axis robot with vision interface $120,000.00 
Initially, the three/four axis robot was considered to be 
adequate for the material transfer application. Upon fur-
ther consideration of the remaining features, it became ap-
parent that there are more important considerations. 
2.3.1.2. Work Volume 
The robots were all selected from the PLACE system library 
for their work volume capacity in the initial robot survey. 
The robot must be able to reach the machine tool, which 
puts a constraint on the size of the robot because of the 
size of the machine tool's bed travel. 
2.3.1.3. Repeatibility 
The repeatibility • 1S important for the cell to allow ac-
curate positioning of the parts into the machine tool 
fixtures. The following • 1S a compilation of the 
repeatibility of the three robots. 
23 
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Robot 
ASEA IRB-60 
Cincinnati T3-776 
Cincinnati T3-300 
Repeatibility 
+-0.40mm. (+-0.016") 
+-0.25mm. (+-0.010") 
+-0.50mm. (+-0.020") 
The Cincinnati T3-700 has the most repeatible motion by+-
0.15mm. (+-0.006"). This is a 62.5% improvement over the 
IRB-60, and a 100% improvement over the T3-300. 
2.3.1.4. Weight Capacity 
The heaviest of the castings is 16 kg. (35 lbs.) With the 
weight of the gripper at less than 11.5 kg. (25 lbs), the 
capacity of the robot should be at least 27 kg. (60 lbs.) 
The following is the comparison of the robots. 
Robot Weight Capacity 
ASEA IRB-60 5 • axis 60kg. ( 132lbs. ) 
ASEA IRB-60 6 a~is 45kg. (lOOlbs.) 
Cincinnati T3-776 70kg. (150lbs.) 
Cincinnati T3-363 50kg. (llOlbs.) 
Cincinnati T3-364 35kg. ( 75lbs.) 
/ 
.. 
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Therefore, all robots meet the weight capacity 
requirements. It is interesting that the T3-700 has the 
greatest capacity, and the best repeatibility. 
t~3.1.5. Degrees of Freedom 
Material Handling applications generally require only three 
degrees of freedom to position the workpiece into a 
machine. After using the PLACE system, it was found to be 
much easier to position the gripper in the correct position 
and orientation using the robots with six axis, the T3-776 
and the IRB-60 with the sixth optional axis. The T3-300 
robot only has only four axis, which would work for this 
type of application. This four axis robot would limit the 
future flexibility of the cell, as these four axis robots 
usually have an additional nonservoed· axis to provide more 
degrees of freedom. 
2·.3.1.6. Vision Systems 
The difficulty associated with machine vision applications 
depends the ability to control the position and appearance 
of the object. The difficulty of controlling these two 
factors is usually broken down into the following 
categories: 
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The object can be controlled in both position and 
appearance. 
Either position or appearance of the object can be 
controlled but not both. 
Neither position not appearance of the object can be 
controlled.[9] 
2.3.1.7. Analysis of Vision Systems 
The ASEA IRB-60 robot supports its own • • VJ.SJ.On system for 
part identification and orientation, the Cincinnati sup-
ports various vision vendors through the use of the com-
munications option. The ASEA vision system will be dis-
cussed in the following section, for it is the recommended 
system. 
The vision system is a grey scale system, with 64 levels of 
grey. The grey scale system provides advantages over the 
simpler binary imaging systems. The system can function 
more reliably in the industrial environment using existing 
lighting conditions. The contrast and the brightness 
levels of the vision system can be adjusted to highlight 
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the most distinguishing features of the parts under the ex-
isting lighting conditions. The usual drawback of a grey 
scale vision system is the slow processing time, however, 
the ASEA system uses an auxiliary dedicated 68000 
microprocessor in parallel with the control microprocessor 
for the vision system. This decreases the normal image 
processing times to 1 second or less. The other advantage 
of the dedicated microprocessor is the ability of the vi-
sion system to operate concurrently with the robot, hence 
the 1 second processing time will occur while the robot is 
loading a previous part. The ASEA vision camera has a 
resolution of 240 x 256 pixels, the identification system 
requires 5 pixels to accurately distinguish objects or fea-
tures of objects. 
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Actual View of Processed Image[17] 
28 
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The camera height can be varied to change the field of 
view, to locate ~arts in a larger general area. Another 
method to increase the field of view is to use the optional 
lenses, these being 12.5mm. and 50mm., in addition to the 
standard 25mm. The accuracy of the system is +-2.0% of the 
-
field of view in position and +-0.2 degrees of the field of 
. 
view in orientation, thus a larger field of view cor-
responds to a larger error. To overcome this problem and 
also increase the field of view, up to four cameras may be 
used in an overlapping field of view for~at. 
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Field of View Comparison for ASEA Vision[17] 
Focal length 
3 
2 
1 
Camera 
-height 
(m) 50 mm 2.5 mm 
' I • I • I I . I . I I • I. ' 
100 300 500 700 900 1100 
Resolution I I I I I I 
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This magnitude of error limits the incoming parts presenta-
tion technique to a conveyor or indexing carousel, thus the 
vision system must only view a specific area where only one 
part will be located. The conveyor will be controlled by a 
photocell • in from the conjunction with detector signals 
robot control. The conveyor belt will advance to the next 
part after the robot has cleared the vicinity of the 
conveyor's movement by reaching a safe position or 
clearance point above the conveyor. 
There are three functions for visions system in a cell as 
listed below. 
Multiple part identification 
Inspection of area or entire parts 
Guidance in cell environment 
The parts must be arranged on a single layer because the 
vision system is only a two dimensional system and cannot 
determine changes in the z or vertical direction. Imper-
tant considerations for improving the reliability of the 
vision system determination of part orientation are the 
following: 
32 
Assure that the parts do not touch while on the 
conveyor. 
Assure that the parts do not fall over with actuation 
of the conveyor. 
The recommendation for the robot with integral vision sys-
tem is the ASEA system. This system allows the greatest 
flexibility for the wide range of parts that will be 
processed in the cell. The use of the vision system will 
eliminate the need for all locational devices for incoming 
castings, special pallets, or special packaging from the 
.. ~ , 
foundry. 
2.3.1.8. Types of Robot Motion 
The ASEA IRB-60 robot can perform circular interpolated 
motion. Although this is not required in the immediate fu-
ture for the cell, it is necessary for future deburring of 
some of the castings. 
The T3-300 robot uses joint interpolated motion and can 
achieve 90 degree/sec. base rotation, decreasing the cycle 
time. This motion control also provides smooth transitions 
in material transfer applications. The robot could be used 
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for a cell of this type, however, for the advantage of fu-
ture flexibility, the additional cost of vision and a five 
to six axis robot are recommended 
:2_ •. '3 .•. :l._.-9. Communications Support 
The ASEA IRB-60 will support program upload and download 
from a host by the beginning of 1986. The two target host 
systems are IBM PC compatibles, and Digital Equipment's 
MicroVax II line of supermicro computers. 
The Cincinnati Milacron T3-700 series communications 
capabilities of the control are at least one half to one 
year ahead of the ASEA control, supporting program, vari-
able upload/download, and other data transfer functions be-
tween the control and VAX or IBM PC products. These func-
tions are presented as the commercially available state of 
the art. The Cincinnati Milacron T3-776 Level III Remote 
conununications package include the following: 
Remote Data can send all the system's tables to the 
host computer. For example, the variables table could 
be used for tracking number of parts through cell, 
number accepted, number rejected, etc. The flag table 
will contain the status of all the sensors in the 
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cell, and also signal fault conditions to the host 
computer. 
Remote System will load the system load tape (SLT) 
from the host computer. In the small cell, this • 1S 
not necessary so the tape unit will be sufficient. 
Remote Sequence function • increases the robot's 
flexibility by greatly increasing the number of pos-
sible programmed points. For example, if the robot 
must perform certain operations only infrequently, it 
is beneficial to have that sequence stored offline, 
and only downloaded when required. It may also become 
necessary to download various sequences for different 
part pickup and dropoff locations. This information 
is required if the cell is running a module to support 
a family of parts. 
Remote Point can be used with vision to alter coor-
dinates of taught points, this is usually implemented 
in conjunction with a vision system for incoming parts 
location and in process guidance systems. This option 
is not necessary in the manufacturing cell. 
Remote Time can be used for Management Information 
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System type data collection. For example, machine 
tool operation time, the number or part processed in 
the last time period, the number of parts that came 
into the cell in the last time period, the number of 
incoming parts that were acceptable, the number of 
parts that were scrapped during the last time period, 
how much various cutting tools have been used, what 
failures have occurred during processing, details of 
the failures. 
Remote Control, Remote Cycle, and Auxiliary Front 
Panel. These three options probably are not necessary 
and would not be implemented in the first stage of the 
cell development. 
2.3.1.10. MAP Compatibility 
The previously mentioned communications capabilities are 
somewhat misleading. For the robot to communicate with the 
host, the software for the host must also be written. With 
the advent of MAP, however, there is a standard by which 
all robot manufacturers will adhere. The information ex-
change will be handled by the lower level, and the applica-
tion level will view changes in robots as transparent. 
The Cincinnati Milacron and the ASEA robots are both 
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quickly becoming MAP compatible, and neither vendor has an 
advantage at this time. 
2.3.1.11. Offline Programming 
The availability of offline programming for industrial 
robots can increase their utilization for the firm. In-
stead of removing the robot from the production line or the 
cell, the engineer can program the robot in an offline 
environment. In some cases, this also allows the program-
mer the advantage of using the same graphical layout and 
simulation system to program the robot. Although not all 
layout and simulation vendors support all robot vendors.[7] 
As with the MAP compatibility, both vendors support an of-
fline programming package, neither of which seems to have a 
clear advantage over the other. The important considera-
tion is that these two vendors support offline programming 
in general. 
2.3.1.12. Standard Features 
The standard features, memory, I/0 interface, and teaching 
method are compared in this section. 
Standard features of the ASEA IRB-60 include the following: 
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f. 
~5K memory for 360 programmed points 
7 input and 6 output contacts, expandable in 16 unit 
increments 
Joystick control for teaching 
The Cincinnati Milacron T3-700 standard features include 
the following: 
Sufficient memory for 3000 points 
8 input and 8 output contacts, expandable ~n 8 unit 
increments 
Pushbutton control for teaching 
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:2-. 3. 2. Gripper 
The cell should take full advantage of either an end effec-
tor changing system, or a sufficiently flexible end effec-
tor for loading and unloading the parts. 
It is stated by [10] that an end effector changing system 
. 
should meet the following requirements: 
High repeatibility and free of play 
High stiffness 
Safety against power failure 
Short change times 
Short, light, and sturdy design 
These gripper changing systems, as stated by [10] have 
three main components, the control, the changing mechanism, 
and the magazine. The control monitors the function of the 
gripper and the drives. The changing mechanism is the 
physical connection between the end effector and the robot. 
This connection must provide both energy and information 
flow from the robot to the tool. The magazine stores the 
tools in a defined position and orientation between uses. 
The changing mechanism is not limited to changing the en~ 
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tire tool. In the case of a two jaw gripper, the required 
end effector operation may be such that changing the jaws 
alone may sufficiently grasp the parts. 
This will decrease the cycle time by eliminating two fix-
ture to material storage motion elements. The larger 
castings, such as the modules are too bulky to be moved 
easily through the cell in a dual gripper setup and must be 
loaded singularly. This additional time will be less sig-
nificant for the processing of the larger parts because the 
cycle time is much greater. 
The gripper should have parallel jaws with self aligning 
fingers to accurately positioning various sized castings in 
the fixture. These fingers are more adaptable to part size 
variation and help prevent damage to the part after 
machining. Interchangeable grippers and interchangeable 
fingers will improve the cell's ability to process a 
variety of parts with little human intervention. 
The use of a force sensor in the gripper jaw is a good 
method to grip the part with a controlled force to prevent 
slippage and part damage. 
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Interchangeable Gripper System from ASEA Robotics 
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--~. 3. 2 .1. Gripping Techniques 
The parts should be gripped as to prevent physical damage 
in either function or form. The parts that are blanchard 
ground previous to machining must be protected from the 
jaws of the gripper while being transported to and from the 
These parts will be gripped from the interior conveyor. 
surface, which has the added advantage of allowing 
• in-
creased maneuverability while positioning parts into the 
fixture without interfering with clamp or support 
components. The supports will be gripped on the exterior 
surface that is not machined, and away from the fixturing 
components. 
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2.3.3. Inspection System 
One of the advantages of implementing the manufacturing 
cell is the ability to implement in-process inspection into 
the production cycle; assuring that 100% quality parts are 
released to the assembly department. There are four dif-
f erent possible methods for inspecting the parts before 
they leave the cell boundary, which include, but are not 
limited to, the following: 
Machine tool guided probe 
Coordinate measuring machine 
Robot guided probe 
~Vision inspection system 
2.3.3.1. Machine Tool Guided Probe 
These inspection devices are supported by the more advanced 
controllers, and their accuracy and use has been presented 
before in the section on machine control improvements. 
Once again, the benefits are accurate location of the part, 
of the fixture, and accurate inspection of the final part 
with immediate feedback to the cell. The disadvantages are 
the increased cycle time, and the relative inaccuracy 
comparison with the Coordinate Measuring Machine. 
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:2.3.3.2. Coordinate Measuring Machine 
Coordinate Measuring Machines provide very accurate part 
inspection in an offline environment or mode of operation. 
In the case of a robot manufacturing cell, another fixture 
is required to hold the part while the Coordinate Measuring 
Machine qualifies the ·part. This additional fixture will 
add additional cost to the cell, and increase the setup 
time for the cell. The possibility of using pallet mounted 
parts was investigated, but remained cost prohibitive. 
This form of operation, using pellet mounted parts, or 
using another fixture would not decrease the machine tool 
utilization, and could provide increased accuracy to the 
inspection function. The Coordinate Measuring Machine's 
cost is somewhat prohibitive at $120,000.00. For a larger 
Flexible Manufacturing System or multiple robot machining 
cells, the justification of the Coordinate measuring 
machine would be much easier. But in the context of the 
throughput of a two machine tool cell, the coordinate 
measuring machine would be under utilized, and hence not 
economically justifiable. 
2.3.3.3. Robot Guided Probe 
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Robot guided probe, like the coordinate measuring machine, 
it also requires another fixture. But the accuracy of the 
robot probe is not comparable to the accuracy of a coor-
dinate measuring machine, or a spindle mounted probe. The 
robot probe' s accuracy is less than the accuracy of the 
robot, the accuracy is one order of magnitude worse than 
the other types. The benefits of the Robot probe are • in-
creased robot utilization, and the costs, $3,000.00. The 
robot probe will not provide sufficient accuracy, nor will 
it provide the feedback to the CNC controller with the 
precision and ease of the CNC machine probe. 
Z~3.3.4. Vision System 
Vision systems at this time, can only determine gross 
dimensions, and cannot check the depth of a blind hole. On 
advantages, it does not require a fixture, and is rela-
tively fast. [9] Unfortunately, the vision inspection sys-
terns are not advanced to the state to provide sufficient 
inspection abilities for the parts processed in the 
client's cell. 
The recommended inspection system for the manufacturing 
cell was the machine tool probe, which was the best can-
didate for the client's small machining cell developed. 
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The probe's ability to provide feedback to the CNC control-
ler on the status of the processing operations are 
advantageous. Also, the ability to analyze the results of 
the inspection and signal the robot to place the completed 
part into a rework bin are very beneficial to the unat-
tended operation of the client's cell. 
\ 
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2.3.4. Parts Storage System 
For the incoming and outgoing parts storage system, a con-
veyor was selected to hold the parts before and after 
machining. The size of the conveyor systems was selected 
to accommodate enough incoming parts to allow the cell to 
function unattended for a period of time, in this case 
chosen to be eight hours. The machining times were calcu-
lated in addition to the load and unload times to arrive at 
an average processing time per piece. The size of the 
parts and their position and orientation on the conveyor 
sets the number of parts per conveyor, which is then com-
pared to an eight hour unattended shift operation. 
The use of a vision system to locate and det~rmine the 
position and orientation of the parts on the conveyor 
provided many advantages for the flexible robot manufactur-
ing cell designed for the client company. The parts are 
placed on the conveyor with sufficient clearance between 
adjacent surfaces to allow the gripper access to the part 
and allow part movement upon pickup point departure, with 
the accuracy of the possible robots, only 25 mm. maximum is 
required. The conveyor was designed with a photocell 
detector arrangement (see accompanying section on robot vi-
sion systems) to determine if a part is at the end of the 
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conveyor, if not, the conveyor will be activated u
ntil a 
part breaks the photocell detector and is therefore 
within 
the field of view of the vision system. 
At this time, some important considerations for th
e con-
veyor selection should be mentioned. The material u
sed for 
the belt must be glare free and provide a contrastin
g sur-
face with respect to the cast aluminum parts. One 
method 
of accomplishing this end is the use of translucen
t con-
veyor belts, with a light frame beneath the belt. T
his al-
lows the ultimate in contrasting images for the
 vision 
system. In addition, even though the vision syste
m is a 
grey scale system, exterior glare must be held
 to a 
• • minimum. Exterior light should be restricted, wh
ich is 
especially practical for the use of the transluce
nt belt 
and light method. The surface of the belts must a
lso be 
kept reasonably free of part chips and other foreign
 matter 
which will inhibit the effective operation of the 
• • vision 
system. And finally, the belt must remain horizon
tal and 
not drift in the Z direction, thus providing a 
solid 
reference point for robot grasping. If the belt 
con-
tinually drifts, a vacuum arrangement, located benea
th the 
belt but above the light source, could be added to p
rovide 
improved accuracy. 
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2.3.5. Cell Controller Selection 
Because this cell uses current technology, lock-step coor-
dination was be used in a control hierarchy as shown below. 
The robot control requires twenty input/output contacts to 
~ 
control this \mall cell. None of the robots have 20 I/0 as 
standard equipment, thus optional I/0 must be purchased. 
Much of the control software checks the status of the 
various sensors on the fixture, gripper and machine tool, 
and coordinates the activity of the components. 
The required Contact Interface for the robot manufacturing 
cell and machine tool are the following: 
The contacts are specified as input or output from the cell 
controller, the robot. There are multiples of these for 
each machine tool connected to the robot. 
Emergency Stop-Input and Output 
Start Signal-Output 
Actuate the Automatic Fixturing Equipment-Output 
Release the Automatic Fixturing Equipment-Output 
Machining Completed-Input 
Spindle Stopped-Input 
No Machine Errors-Input 
Axis Reached Final Position-Input 
Measurements within Tolerance-Input 
Workpiece Clamped-Input 
Workpiece Released-Input 
Spindle in Position-Input 
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The cell controller will become part ofathe control hierar-
chy for the client. There will be functions for each of 
the components of the cell, as described in the functional 
description of the cell in Chapter 1, Section 4. At this 
time, the integration of the VAX 11/785 is incomplete, the 
a~ailable software is not suitable for the small scale 
operations of the firm. In the future, with the incorpora-
tion of more cells onto the shop floor, this hierarchy will 
be realized. 
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3 .. Robot Cell Considerations 
This chapter presents the other considerations for the 
design of the cell. Specifically, the selection of the 
\ 
parts to be produced in the cell, with their accompanying 
data. The • economic justification, the safety and main-
tenance considerations. 
3.1. Selection of Production Parts 
Part families are selected by a careful analysis of the 
various design and manufacturing attributes of the parts. 
The part families can be determined through three methods. 
The first is the use of group technology procedures, as 
outlined in [18]. Secondly, some heuristic methods are 
available, although they have not proven to be sufficiently 
effective. The third method, employed in this thesis is 
the trial and error method. The knowledge of the produc-
tion engineers was used to locate a specific group of cast 
parts, related by a common product line. This group of 
cast parts contains twenty different parts that are 
produced from six different castings, the only difference 
being small changes in the CNC part program. Related 
product mixes such is present at the client company are ex-
tremely advantageous in designing cells for flexibility. 
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The commonness of fixtures and end effectors allows the 
cell to produce the parts with little or no downtime for 
fixture changes or modifications. 
The cell developed for the client company was designed to 
produce this family of parts, and to allow for further 
tegration into a manufacturi~g system in the future. 
• in-
The 
process for selecting the specific parts is discussed in 
the following section. 
The manufacturing engineer at the client company rated the 
cast parts for the product line in two critical areas. The 
first was desired quality, al though it would be expected 
that the firm would demand 100% quality on all parts, this 
is a relative ranking, with 100% meaning extremely critical 
parts or components. The second was current quality ob-
tainable from the current processing equipment, or the cur-
rent vendor. 
This information was compiled in a spreadsheet, including 
casting number, yearly demand, and machining time to be 
sorted in descending order of desired quality. There is a 
natural break between 100%, or quality critical parts, and 
the next level of 75%. The machining time for the first 
group totals 4300 hours, using a client recommended 
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utilization of 67% for the current operating procedures. 
This represents a one machine/one robot cell operating two 
shifts per day for a full year. The client expects the 
volume to increase 100% in the next two to three years, 
which time the cell will become completely utilized. 
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3.2. Econo~c Justification 
It has been suggested, that a more comprehensive meaning of 
the word productivity is required for the justification of 
modern flexible manufacturing systems. The firm's specific 
justification policy is determined by the method, be it 
Payback, ROI, or NPV, and the hurdle value for capital 
equipment expenditures. It was required to select a method 
for justification, because most firms use a variety of 
methods. The following is the results of a survey by [14] 
of justification methods being used to justify capital ex-
penditures for modern manufacturing equipment. 
Most Second Most Justification 
Method Frequent Frequent 
Payback Period 
ROI 
Net Present Value 
Accounting Rate of 
Break Even Analysis 
MAPI Formula 
Return 
Incremental Rate of Return 
Other 
65 25 
26 55 
5 2 
3 
1. 
-
-
-
2 
5 
3 
4 
4 
. 
Always Use 
After Tax 
46 
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The economic justification for the client cell is presented 
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in the following section using payback period. The 
problems associated with the economic justification stem 
from the method by which the client company accounts for 
the reduced manpower requirements for the robot manufactur-
ing cell. The firm uses only the labor rate for the 
workers, not the labor rate plus the variable overhead. A 
recommendation for the firm is to recalculate their costs 
based on the actual costs of their employees, taking into 
account this variable overhead costs. 
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Economic Analysis of Robotic Cell 
Initial Investment 
Robot hardware and software 
Vision 
End effectors and jaws 
Material transport 
CNC upgrade hardware/~oftware 
Installation 
Engi neerin,] 
Salvage value· 
Depreciation 
Total investmen.t 
AnnLtal costs 
Labor savings 
Inspection Savings 
Production rate of cell 
Robot maintenance 
Programming and peripheral 
Training 
Re~Jot-k Savi ng.s 
Equipment utilization 
Total costs (Net Savings) 
Ta:-: Eval Ltati on 
After Tax Co~ts (Savings) 52% 
Investnient Ta:;, (Credit) 1(>1. 
Depreciation Allowance (Credit) 48% 
After Tax Cost (Savings) 
F'ayback F'et-'i od 
Return on Investment 
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3.3. Cell Safety 
This section • 1S included in the design of cell component 
chapter because of the great importance of safety. Since 
this is the first installation of a robot at the client, 
even more caution is required~ 
The operation of the cell requires an additional level of 
safety monitoring to function autonomously. The robot will 
place the part in the fixture and open the gripper. The 
fixture will then clamp on the part, or it might clamp on 
the part before the gripper opens the jaws. The fixture 
must signal positive action with an acknowledge signal back 
to the CNC machine. The robot must then move away from the 
machine tool, and then signal the machine tool to begin 
it's automatic operation. 
The cell must also monitor the environment around the robot 
and machine tool and stop operation if workers enter the 
robot's work volume. Some other necessary safety measures 
include the following: 
Guarding installed around the robot. 
Interlocked access gates to the cell to stop motion 
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when an employee opens a gate during the run cycle. 
The master control panel located outside the working 
envelope, preferably outside all guards and in sight 
of the robot. 
Robot movement is restricted during setup of fixtures, ( 
etc. I 
Dimensions of the robot work envelope are painted on 
the floor, where possible 
An emergency stop button,~hardwired into the stop 
circuit, and/or a "dead.man" switch is installed on the 
teach pendant. 
Speed of the robot during teaching is restricted to 
15-20 ips. 
Axes are marked on the robot to correspond to direc-
tional buttons on the teach pendant. 
Warning signs for special hazards, such as when a 
worker may be within the working envelope of two robot 
at once. [12] 
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3.4. Robot Maintenance 
This section concerns some of the more important ideas for 
maintenance and installation of the robot in the production 
facility. The topics include initial break in, log keeping 
information, and recommendations for preventative 
maintenance. 
Using [13] as an example, the plant has just installed 100 
robots and must monitor their function in the production 
environment. Every robot is cycled for a 50 hour break-in 
period, using weights to simulate the dynamic and static 
loads of grippers and welding equipment. The article men-
tions that this break in period has uncovered problems 
before the robot is placed into the production line, and 
even prompted an engineering change by one of the robot 
vendors. 
The break in period is also the starting time for a com-
plete log for each robot. The log · tracks the downtime, 
uptime, elapsed time, and reason for downtimes for each 
robot. This log also schedules the 1000 hour preventative 
maintenance for the robots, in addition to the normal 
recommended service routines of the robot.[13] 
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4. Robot Cell Layout and Graphics Simulation 
Once the components of the cell and the parts to be 
produced in the cell were determined, the cell was laid out 
using McAuto' s PLACE system. An analysis of the method 
used, the advantages, and the disadvantages will be 
presented in this chapter. 
,. 
The Development of a robotic system involves reviewing the 
industrial processes to be addressed in the workcell, 
designing the best system to accomplish the task, and 
presenting the designs to the client. 
In using graphical simulation to design and program robotic 
workcells, the following steps are necessary: 
Create the basic workcell in a CAD database. 
Verify that the robot can reach all the required 
equipment. 
Modify and refine the workcell. 
Verify that the robot can·perform the desired tasks. 
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Simulate the robot performing the desired tasks.[1~] 
Each of these tasks will be analyzed as performed in the 
designing of the robot manufacturing cell for the client 
company. The typical workcell in an industrial or manufac-
turing environment consists of three groups of equipment: 
process machinery, inter£ ace or service equipment, and 
control systems. 
4.1. Creation of the Cell 
The creation of the cell was the first step. In designinq 
the cell, the process machinery was the CNC machine tools, 
the interface or service equipment was the industrial robot 
and the conveyor system, the control system was the robot 
controller and the machine tool controllers. First, the 
process machinery was created using the Unigraphic II 
models of the machining centers. These designs were then 
uploaded to the PLACE system and positioned around the 
origin in estimated correct locations. 
The conveyors were then created and uploaded to the robot 
cell already create~ in the PLACE system. At this time, 
the robot was then placed in the cell at the origin~ The 
ASEA models and the Cincinnati Milacron models were used at 
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various times of cell layout. 
4.2. Robot Reach Verification 
Robot reach verification followed the creation phase of 
cell simulation. The initial cell layout was completed 
with teach points, called T-Points, which are points posi-
tioned in the correct orientation at the grasping location 
at each of the cell's components. These cell components 
are the incoming conveyor, the machine tool, the deburring 
table, the outgoing conveyor. Several safe or clearance 
points are also positioned above the equipment to provide 
move points. 
The robot inserted into the cell was moved between each T-
Point in the order of the manufacturing cycle. Each T-
Point was checked for interference while displaying the 
joint limits. Any excessive movements were noted and the 
equipment involved was repositioned accordingly. This 
cycle was repeated until the cell could operate with limits 
of eighty to ninety percent maximum on the individual· 
joints. The McAuto system monitors the travel of each axis 
and compares it to the maximum and minimum axis limits. 
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In monitoring the machine/machine interference, it became 
difficult using the system to clearly determine when inter-
1 ference occurred. The cell must be rotated and viewed at 
different angles to adequately determine interference free 
positions. There have been advancements into the collision 
detection methods, none are currently available on the 
PLACE system. 
4.3. Robot Cell Simulation 
Robot cell simulation was the third step in the cell layout 
process. The inclusion of the end effector and a sampling 
of the parts into the cell has completed the simulation. 
The limitations of this system are the lack of planning 
tools and optimization tool for the designer. All planning 
and moving of equipment is the responsibility of the 
designer. ·It would be extremely helpful if the designer 
could initiate a simulation to move equipment from an ini-
tial starting position. The cell simulation system should 
then optimize the floorspace and the time for the robot 
moves, taking into consideration the size and interference 
limitations of the cell. 
4.4. The Final Cell Layout 
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The final layout was achieved by placing the machine tools 
in the cell at a 15 degree angle from the centerline of the 
cell. This allows the robot the ability to reach the cen-
ter of the workbed of the machine tool, with approximately 
38 cm. (15") clearance on either side of the spindle. This 
provides adequate flexibility for changes • in fixture 
positions. There is a 110 cm. (42") clearance between the 
two machine tool beds at the back of the cell. Just in 
case the robot must be removed, there is a exit for the 
equipment and the f orktruck instead of moving the parts 
storage devices from the front of the cell. 
The conveyors were positioned as close to the robot as 
possible, to decrease the floorspace used and to decrease 
the move times for the robot. There was enough clearance 
between the conveyors and the machine tools to place a fu-
ture deburring station Jocation into the cell design. This 
station may be a deburring tool mounted for the robot to 
move the part across, or it may be a fixture to hold the 
part while the robot moves a tool across the part. Since 
this is for the future implementation of auxiliary process-
ing operations in the cell, no decision was made on the be-
st method to deburr the parts. 
During the motion design stages, the drawback of the ASEA 
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was the lack of a standard sixth axis. Using the optional 
sixth axis increased the ease and flexibility of the cell 
designing process, making positioning decisions as easy as 
' 
for the Cincinnati T3-776. The Cincinnati T3-776 had a 
longer reach than the ASEA IRB-60, but both could 
adequately reach all the points in the cell. The ASEA has 
a larger base rotation of 330 degrees, compared to the T3-
776's 300 degrees. This allowed the ASEA to access more of 
the back portion of the machine tool beds, but could not 
reach far enough into the bed to have any real benefit. 
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5. Cell Improvements and Further Study 
This chapter goes beyond the work completed in designin
g 
the cell to look to the future of robot manufacturing cel
ls 
and unattended operations in general. The future enhanc
e-
ments to the cell to improve the utilization of the ro
bot 
are discussed and the sample vendor request for quote 
is 
presented. 
'.5 .1. Further Research Recommendations 
To achieve a S·~phisticated level of automate
d 
manufacturing, safety, and control in the cell, certa
in 
components need additional research and development. 
It 
has been suggested by [1] that a number of problems are as-
sociated with current cell designed to produce precisio
n 
parts. These problems are presented and discussed in 
the 
following section: 
1. The positional accuracy of industrial robots is 
poorer than the accuracy required for precision parts .. 
loading. 
2. The controllers for existing machine tools and 
robots are not designed to be supervised by a central 
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computer . 
.3. The techniques used to automatically monitor and 
control machining activities are not developed to the 
point where a cell can be trusted to run without human 
• • supervision. 
4. The software for coordination activities and 
machines within the cell is still largely a subject of 
research. 
These problems have been solved for the client company 
through the design and development of the following 
equipment: 
The grippers and fixtures have been designed to accom-
modate variance in part size and location, and dual 
grippers provide the capability to process two or more 
completely different parts in the cell simultaneously. 
The machine tool control was enhanced to provide adap-
tive control, spindle probing of the workpiece, and 
fixed probing of the cutting tools; to increase the 
reliability of the machining operations, offset the 
cutter pa th, and to offset the tool length, 
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respectively. Additional sensors were utilized in the 
cell to detect incoming and outgoing parts status, 
providing feedback on the quantity of parts waiting to 
be processed. 
Two of the limitations of the current cell technology 
• 
. 
presented by the [1] are not remedied in the cell designed 
for the client, items 2 and 4. The controllers for exist-
ing machine tools and robots are not designed to be super-
vised by a central computer. To some extent this • 1S 
correct, however, the controllers are presently able to 
upload and download programs from the host computer. This 
limitation does not limit the immediate functionality of 
the designed cell, for it is not supported by exterior 
automated material handling, outside of the cell's 
boundaries. For this reason, the cell is currently an is-
land of automation, although every effort is made to plan 
for the future. This is accomplished by selecting cell 
components which are expandable and upgradable to support 
new features and functions as they are introduced into the 
manufacturing environment. One good example of this is the 
future MAP capability of the robots selected to perform 
material handling operations for the cell. The components 
for this protocol consist of a communications board and 
system firmware upgrade, both can be installed by main-
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tenance personnel.or vendor company technicians as they be-
come commercially available. 
I 
In addition, the software for coordination activities and 
machines within the cell is still largely a subject of 
research. The cell is controlled by the robot controller, 
thus providing very limited lock step coordination to the 
cell components. Advancements in the design of cell con-
trollers will allow great improvements in both the number 
of components in the cells, and the ease of changing their 
coordination as different part families are processed and 
various machines are removed for preventative maintenance. 
Some of the areas for further enhancements not obtained in 
this cell, include the addition of software to manage 
production. It would be very advantageous for the host 
controller to perform both short term ·Scheduling and longer 
term maintenance of the cell. The short term scheduling 
will take advantage of the similarities in part family 
processing and fixturing requirements to schedule batches 
of similar parts in sequence. This will alleviate a large 
portion of the setup times and allow the cell to function 
for longer periods of time unattended. The longer term 
maintenance will monitor the wear of the equipment, and 
provide maintenance schedules to prevent machine malfunc-
72 
:, 
;,,. 
tions during unattended machining operations. 
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5.2. Further Robot Applications I 
The robot must be utilized to its full potential for in-
creased benefit to the manufacturing firm. In the case of 
almost all parts, the last operation performed is deburring 
of all machined edges and holes. This operation may be 
performed by the robot using a dual deburring tool equipped 
with an edge deburring tool and a hole deburring tool of-
fset by 45 degrees from each other to allow clearance be-
tween motions. The machined part will be placed in an 
auxiliary fixture and the deburring cycle will commence. 
For increased part protection, the deburring tool should be 
equipped with dual compliant spring to allow constant nor-
mal force on the part during processing. This type of 
equipment is commercially available, ASEA provides the 
equipment for their robots using their interchangeable tool 
system. 
An alternative to using the robot to move the tool, is to 
use a stationary tool. The advantage of this ,type of 
operation • 1S the reduction in end effector change times, 
and there is no need for an additional fixture to hold the 
part while it is being deburred. The· disadvantage of this 
type of processing is the increased inaccuracies associated 
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with moving a large and clumbersome part across. the debur-
ring tool. The motions of the robot will have to be care-
fully planned when repositioning the part in front of the 
tool because of the increased bulk. All • • • inaccuracies in 
the robot's motion must be takes up ·by the compliance • in 
the deburring tool, and the tool will need additional com-
pliance for this type of operation. 
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6. Conclusions 
The cell has been presented and justified in this thesis. 
The components of the cell and the recommendations for each 
type of machine have been made. 
Improvements in the cell have been presented. This 
• in-
eludes the advantages ~o be gained using improved fixturing 
equipment and the improvements to be realized in utiliza-
tion of capital equipment and complete machining of the 
parts if deburring is added to the cell in the near term. 
The limitations of current technology have been discussed, 
with recommendations for improvements in the future. The 
participation of machine tool manufacturers and robot 
manufacturers in the development of standards for 
communications, such as MAP; material handling equipment, 
such as grippers and conveyor systems; and programming lan-
guages for both machine tools and robots is very important. 
The setting of these standards will dramatically increase 
available equipment that can be used to create a manufac-
turing system. The infiltration of modern manufacturing 
equipment into the American shop environment will return 
America to the forefront of manufacturing technology. 
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ln1tial Quality and Quantity Survey of Cast Parts ~ 
Part Cast1ng Part Quality Quality Yearly . to to 
(t) 
Number Number Description Requirement Presently Demand ::, Cl, 
- - - - - - - - --- - - - .- - - - - ---- ---.-, - - - - _.., ---- .... ----- -- ._.. - - ..... - - - ----~- ... - -.... ------- - .... -- - ..... - - -.- - - - - ---- - -· ~-
----~~---~~-----~----------~----~---------------------~-----------~-~----~-~-~- ~ 
8251910 597999 Modul e-lnsRway 100 90 50 
8251254 597999 Modul e-lnsRway 10. 56 11 100 90 75 
509461 597999 Modul e-lnsRway OpSta 100 90 75 
509344 S97986 Modul e-lnsRway Mach 100 90 150 
8251903 8251902 Modul e-lnsRway 100 90 75 
509345 597987 Modul e-lnsRway 2 Sta 100 90. 150 
509440 597987 Modul e-lnsRway 2 Sta 100 90 150 
'-J E8251453 597987 Module-lnsRway 22. 64" 100 90 2S 
'-J 509460 S97987 Modul e-lnsRway LH MS 100 90 150 
509349 597987 Modul e-lnsRway Right 100 90 150 
8251905 8251904 Modul e-lnsRway 100 90 75 
8251906 8251904 Modul e-lnsRway 100 90 75 
8251907 8251904 Modul e-lnsRway 100 90 75 
8251908 8251904 Module-lnsRway 100 90 75 
,, 
50932 597991 Sup po rt Assy Ctr B1 rg 100 90 200 
50933 597991 Support Assy Ctr Brg-Lw 100 90 50 
509379 S97991 Support-Center 100 90 150 
509381 597991 Sup po rt-Cente r-L w 100 90 20 
509003 597965 Support-Table 50 95 150 
509004 · 597966 Support-Table . 50 95 300 
509008 597970 Support-Table-LH 50 95 1SO 
~ 
ca 
ln1tial Quality and Quantity Survey of Cast Parts 
Part Cast1ng Part Quality Quality ''early 
Number t~umber Descr1pt1on Requirement Presently Demand 
--- - - -- - - ..... _ - - - - - - .,_._ - - ----- ... - - --- - ---- ----- _. --- -- ----- - - _ _._, - -- --------- - - -- ----- _. -- - --- - - - - -· 
_____ ...., ___ .._ __________________ _.., ______ ,.... _____________ _,_ ___________________ .._ ______________ 
50939 597988 Bracket Assy Arm-RH 
50942 597988 Bracket Assy Arm-RH-Lw 
50941 597989 Bracket Assy Arm-LH 
50940 597989 Bracket Assy Arm-LH-Lw 
[825252 E825251 Bracket-End Bearing 
E825254 E825253 Brack.et-Center Bearing 
509634 597995 Bracket-Ja~kshaft TIO 
509009 597971 Bracket-Leg 
509100 597981 Brack.et-Drive Stblzr 
509101 597982 Bracket-Tab le-RH-L w 
509102 597983 Bracket-Tab le-LH-L w 
509103 597984 Bracket-PivotShaft-L w 
50910'4 597985 Bra c ket-PivotSh aft-Up 
E8251202 E8251201 Table-Input End Sh Fd 
E8251204 E8251203 Table-Input End- El Hpr 
509445 597998 Follower-Eccentric 
509531 597993 Elevator-Stack~r. 
509006 597968 Frame-End CrsT1e-LH 
509007 597969 Frame-End CrsTie-LH 
100 
100 
100 
100 
.100 
100 
75 
50 
50 
50 
50 
50 
50 
100 -
100 
100 
100 
so 
50 
90 
90 
90 
90 
90 
90 
95 
95 
90 
90 
90 
90 
90 
60 
60 
95 
85 
95 
95 
200 
so 
200 
so 
300 
150 
150 
600 
300 
150 
150 
300 
300 
100 
50 
225 
30 
150 
150 
t'd QJ 
11 
r+ 
en 
CD 
~ 
(l) 
a 
t+ 
t-'• 
0 
:., 
t, 
PJ 
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PJ 
ln1tial Quality and Quantity Survey of Cast Parts 
Part Casting Part Quality Quality )'early 
Number t~umber Description Requirement Presently De rnand 
______________________________________ ,_,..,. _____________________ ._ _________ .... ________________ ... __ 
- ..... - - - - ---- - - - -- - - - -- --- __. -- - --- ..... _. - - - - - - - - - _. - -- _.., - - __. - ----- - - - - - - - .... --- - -- - - --- - - -- - --- -- - --- - - -. 
E82516'11 E8251640 Arm-Cap Assy GrArrn 100 50 1400 
509005 · 597976 Pivot-Support Frame 60 90 300 
E82516t15 E8251644 Jaw-Upper 100 80 1400 
E82S16'13 E8251642 Cap-GrArrn 100 90 1400 
[825527 E825526 Base-Jackshaft Mtg 75 90 150 t"O OJ 
509301 597973 Cap-Stanch Brng 100 90 600 
t1 
c+ 
[826189 E825188 Mount-Index Dr 75 80 150 t/l 
- (l) 
509350 597990 Lever-Ins Armshaft so 95 225 .... 
'3 (l) 
\0 509308 597980 Lever-Ins Holddowm 50 95 225 0 r+ 
509376 597992 Link-Holddown Endfold 50 95 225 ~-0 
50924 597974 Bearing Assy Cmshft LH 100 90 150 
::, 
t:, 
509304 597976 Lever-Moist Brush 50 95 150 '1) c+ 
509305 597977 Lever-Ins Seperator 50 95 225 '1) 
509300 597972 Arm-Ins Pusher 100 90 1 so 
[8251278 [8251277 Clamp-Tube so 100 75 
[825525 E825524 Mount-Index Dr Comp 75 90 50 
8251483 597979 Lever-Flap Clamp 60 85 1 so 
509306 597978 Lever-Ins Endfold so 95 50 
556063 597641 Arm-Holddown 60 95 1200 
509000 597962· Frame-Base Side 21" 100 80 600 
509001 597963 Frame-Base Side 31.5" 100 80 600 
E8251200 [8251100 Table-Disch End 100 60 150 
Mach1ne Loading Usfng Present 67% Utilization 
Part Casting Labor Mach1ne Make= 1 Total Family Machine 
Number Number ( m1n) Load w/67% Buy=O Hours Hours Capacity 
----~-~---~-----~-----------~---------~-----~-----------~--~------~--~-----~~-~-~. 
--- -- -- ---- ----- -- ----- --- -- ----- --- --- -- -- ----- -- .-
8251910 597999 33.0 49.5 1 41. 3. \ 41. 3 
8251254 597999 35.0 52.5 1 65.6 I 106.9 
509461 597999 31. 0 46.5 1 58. 1 I 165.0 
509344 597986 100.0 150.0 1 375.0 I 540.0 
8251903 8251902 63.0 94.5 1 118. 1 I 658. 1 t\j p, 
11 509345 597987 63.0 94.5 1 236.3 I 894.4 r+ 
509440 S97987 63.0 94.5 1 236.3 I 1130. 6 en (1) 
E8251453 597987 14.0 21.0 1 8.8 I 1139. 4 .... CD 0) 509460 597987 63.0 94.5 1 236.3 I 1375.6 0 0 r+ 
~-509349 597987 63.0 94.5 1 236.3 I 1611.9 0 ::, 8251905 8251904 54.0 81.0 1 101. 3 I 1713.1 t:, 
8251906 8251904 60.0 90.0 1 112. 5 I 1825.6 '1> r+ 
8251907 8251904 54.0 81.0 1 101.3 I 1926.9 '1> 
8251908 8251904 53.0 79.5 1 99.4 2026.3 2026.3 
50932 597991 28.0 42.0 1 140.0 \ 2166.3 
50933 597991 28.0 42.0 1 35.0 I 2201. 3 
509379 597991 22.8 34.2 1 85.5 I 2286.8 
509381 597991 22.8 34.2 1 11. 4 271. 9 2298.2 
509003 597965 44.0 66.0 1 165.0 2t163.2 
50900~ 597966 27.5 41. 3 1 206.3 2669.4 
509008 597970 7.8 11. 7 1 29.3 2698.7 
a, 
J-l 
Machfne Loading Using Present 67% Utilization 
Part Cast1ng Labor Machine Make=l Total Family Machine 
t~u rnber Number ( m1n) Load w/67% Buy=O Hours· Hours Capacity 
_. - - - - ,_ - ---- ------~ - -- ---- ~ -- - - - - - - ---- - --- ---- -- --- ---- _,_., - -- - - - ,_,_ __ __._ ------- _ ..... - ---- -- - - - - - - . 
---- - ..... - - - ~ - - ....,.__ - - - - - - - - -- .. - - - - -- _. _. ----- - - - --~ - - -- ------ - --- - ..-. --- - -- - --------- - --- - -- ._, - - - - -- ..... 
50939 597988 29.0 
50942 597988 29.0 
50941 597989 29.0 
50940 597989 29.0 
[825252 E825251 29.0 
[825254 E825253 33.0 
509634 597995 16.5 
509009 597971 5.7 
509100 597981 14.0 
509101 597982 28.5 
509102 597983 38.0 
509103 597984 22.5 
50910t1 597985 13.0 
[8251202 [8251201 71.0 
E8251204 E8251203 41.3 
509445 597998 9.3 
509531 597993 45.5 · 
509006 597968 31.5 
509007 597969 22.S 
43.S 
43.5 
43.5 
43.5 
43.S 
49.5 
24.8 
8.6 
21. 0 
42.8 
57.0 
33.8 
19.5 
106.5 
62.0 
14.0 
68.3 
47.3 
33.8 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
145.0 
36.3 
145.0 
36.3 
217.5 
123.8 
61. 9 
85.5 
105.0 
106.9 
142.5 
16·8. 8 
97.5 
177.S 
51. 6 
52.3 
34. 1 
118. 1 
84.4 
2843.7 
2879.9 
3024.9 
3061 • 2 
3278.7 
3402.4 
3464.3 
3549.8 
3654.8 
3761 • 7 
3904.2 
4072.9 
4170.4 
4347.9 
4399.5 
S403.3 
5351.0 
5521.4 
5605.8 
"tJ 
Pl 
t1 
c+ 
en 
(1) 
..... 
CD 
0 
c+ 
~-
0 
::, 
t1 
gJ 
r+ 
PJ 
Machine Loading Usfng Present 67% Utilization 
Part Casting Labor Machine Make= 1 Total Family Machine 
t~umber · t~umber ( m1n) Load w/67% Buy=O Hours Hours Capacity 
----------------------
----------------------
----------------------
---------------· · 
£825·1641 [8251640 11 • 0 16.5 1 385.0 4784.5 
509005 597976 38.0 57.0 1 285.0 657'1.8 
£8251645 [8251644 S.5 8.3 1 192.5 5798.3 
[8251643 [8251642 4.5 6.8 1 157.5 5168.2 
ttS £825527 E825526 .32.0 48.0 1 120.0 4950.7 O> t1 
509301 597973 7. 1 10.7 1 106.5 S274.7 rt 
E826189 E825188 21. S 32.3 1 80.6 6258.4·- rn (t) 
509350 597990 13.9 20.9 1 78.2 6115.9 ~ en (l) 0 t\J 509308 597980 13.0 19.S 1 73. 1 6037.7 rT Jo'• 
509376 597992 11 • 0 16.5 1 61. 9 6177.8 0 ::, 
. 
50924 597974 16.0 24.0 1 60.0 S010.7 t, 
509304 597976 16.0 24.0 1 60.0 5858.3 DJ r+ 
509305 597977 10.5 15.8 1 59. 1 S917.3 
Pl 
509300 · 597972 12.3 18.5 1 46. 1 4830.7 
[8251278 [8251277 22.5 33.8 1 42. 2 .. 5316.8 
E825525 E825524 25. 1 37.7 1 31.4 6289.8 
8251483 597979 8.0 12.0 1 30.0 5964.6 
509306 597978 13.8 20.7 1 11·. 3 5934.6 
556063 597641 0.0 1 0.0 4784.S 
509000 597962 50.0 75.0 0 0.0 5403.3 
509001 597963 . 50.0 75.0 0 0.0 5403.3 
[8251200 [8251100 105.0 157.S 0 0.0 6574.8 
;atch Size and Run Time, Part Size, and Machine Use 
Part Proposed Current Setup Batch Run Batch Run Revised Revised 
Number Batch Size Batch Size Time (hrs) lime (hrs) > 16 hrs Utilization Ca pa cit)' 
------------------------------------------------~------------------------------------· 
__ ._, __________________ iao- ________________________________ __.. __________ ..,...__~_ ..... ________ _,_ ______________ , 
8251910 17 9.2 FALSE 0.0 0 
825125~ 25 14.6 FALSE 0.0 0 
509461 25 12.9 FALSE 0.0 0 
50934'1 50 83.3 TRUE 375.0 375 
8251903 25 26.3 lRUE 11 8. 1 '193 Pot, CJ 
509345 50 52.S 1RUE 236.3 72{ 11 r+ 
509440 so 52.S TRUE 236.3 965 en 
, CD 
E82S14S3 8 1 • 9 FALSE 0.0 965 ~ co CD 
w 509460 50 52.5 TRUE 236.3 1201 0 r+ 
509349 so 52.5 TRUE 236.3 1438 .... 0 
8251905 25 22.5 TRUE 101 • 3 1539 
:, 
112.5 1651 
tj 
8251906 25 2S.O TRUE g, r+ 
8251907 25 22.5 TRUE 101 • 3 1753 g, 
8251908 ·25 22.1 TRUE 99.4 1852 
50932 67 31 • 1 TRUE 140.0 1992 
50933 17 7.8 FALSE 0.0 1992 
509379 50 19.0 lRUE 8S.5 2078 
509381 7. 2.S FALSE 0.0 2078 
509003 50 36.7 TRUE 165.0 2243 
509004 100 45.8 TRUE · 206. 3 2449 
509008 so . 6.5 FALSE 0.0 2449 .· 
cc 
~ 
Batch S1ze and Run Time, Part Size, and Machine Use 
Part Proposed Current Setup Batch Run Batch Run Revised Revis~ 
' 
Number Batch Size Batch Size Time (hrs) Time (hrs) > 16hrs Utilization Capac 
_____ .._ ____________________
_____________________
_______________ ... __________ ,__ ______
___ _. ____ 
_ _____  ..._ 
______ _
_____ ______
_ ______ _  
50939 
50942 
50941 
50940 
E825252 
E825254 
509634 
509009 
509100 
509101 
509102 
509103 
509104 
E8251202 
E8251204 
509445 
509531 
509006 
509007 
67. 
17 
67 
17 
100 
so 
50 
200 
100 
50 
so 
100 
100 
33 
17 
75 
10 
50 
so 
32.2 
8. 1 
32.2 
8. 1 
48.3 
27.5 
13.8 
19.0 
23.3 
23.8 
31. 7 
37.S 
21. 7 
39.4 
1 1 • 5 
11 • 6 
7.6 
26.3 
18.8 
TRUE 
FALSE 
TRUE 
FALSE 
TRUE 
TRUE 
FALSE 
TRUE 
TRUE 
.TRUE 
TRUE 
TRUE 
TRUE 
TRUE 
FALSE 
FALSE 
FALSE 
TRUE 
TRUE 
145.0 
0.0 
14S.O 
0.0 
217.5 
123.8 
0.0 
85.S 
105.0 
106.9 
142.5 
168.8 
97.5 
177.5 
0.0 
0.0 
0.0 
118. 1 
84.4 
2594 
I 2594 
' I 
2739. 
273£ 
1 
295q 
308( 
: 
3080 
3166 
C 
3271 
3377 
3520 
3689 
3786 
3964 
3964 
396'1 
3964 
I 
I 
"' DJ 
11 
r+ 
t/l 
CD 
...., 
(t) 
0 
r+ 
..,. 
0 
::, 
tj 
Pl 
rt 
gJ 
7.2. Sample Vendor Request 
Robotic Application Specification 
(Machining Cell for Castings) 
1.0 APPLICATION: 
1.1 This robotic appl·ication 
machine tending operation. 
• is for a turn key 
1.1.1 The robot must communicate with the 
machines in a casting machining cell while load-
ing and unloading them and maintaining the 
sequence of operation as described. 
2.0 EQUIPMENT DESCRIPTION: 
2 .1 Two CNC machine tools; one Cincinnati Milacron 
lOVC with Acramatic 900 controller, one Monarch-
Cortland VMC75 with General Electric 1050 controller. 
2.1.1 Each machine tool must be equipped with 
robot interfaces for control by the robot 
controller. 
2.1.2 Each machine tool will be equipped with 
solenoid activated fixtures controlled by M-codes 
from the CNC machine tool controller. The CNC 
controller will receive signals from the robot 
controller to activate the automatic fixturing 
equipment, and acknowledge positive operation of 
the fixturing equipment back to the robot 
controller. 
2.1.3 The machine tools will operate 
independently, each processing different parts at 
their own rate. 
2 .1. 4 The machine tools will be upgraded to 
function in an unmanned environment. The addi-
tion of fixed probe, spindle probe, and adaptive 
control software and hardware options will 
facilitate autonomous operation. 
2.2 The robot should have the following capabilities. 
2.2.1 The robot should have sufficient de-
grees of freedom and work volume to access all 
85 
equipment as verified with a robot simulator prior to installation. The current PLACE layout should be verified for accuracy of machine tool and conveyor dimensions. 
2. 2. 2 The robot should have the ability to utilize one of the commercially available inter-changeable gripper systems so the cell will have the capability to process two parts of different • sizes. 
2.2.3 The possibility of a secondary process-ing operation involving the deburring of machined parts should also be investigated. 
2. 2. 4 The implementation of a vision system for part identification and location is highly desirable to increase the flexibility of the cell when processing small batches. (Alternatives should be provided) 
2.2.4.1 The vision system must have suffi-cient field of vision to accommodate parts up to 30" in length and provide repeatibility of +-0.060" (including the repeatibility of the robot arm). 
2.2.4.2 The vision system must function in the shop environment, using existing light-ing and be protected from shop elements. 
2.2.4.3 The vision system must function as an integrated component of the robotic system. 
2.3 Incoming and outgoing conveyor systems should be controlled by the robot controller and have sufficient capacity to store eight hours of .parts. 
2.3.1 
a belt 
provide 
For the majority of the 
conv·eyor 30" wide and 
the desired capacity. 
parts involved, 
12' long will 
2.3.2 A photocell or similar device should be adequate to control the movement of the belt upon signal from the robot controller. 
2.4 The cell must have an auxiliary control panel outside the robot work volume, providing status of the various components, and a remote emergency stop. 
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2. 5 The cell will include sufficient safety guards 
and barriers to prohibit unauthorized entry into the 
work volume of the robot and associated equipment. 
3.0 SEQUENCE OF OPERATIONS PERFORMED: 
3. 1 The sequence of operations in the cell will be 
the following: 
Unload machined part from machine tool and place 
on outgoing conveyor. 
Optional: 
Place in secondary fixture for deburring 
operations to be performed after completing 
next machine loading operation. 
Pickup 
conveyor. 
unmachined part from • 
• 1ncoµ11ng 
Place unmachined part in machine tool 
fixture. 
3.2 Machine setup: The sequence of machines in set-
ting up will follow the same as operatj_on sequence 
described in 3 .1 with details of steps taken as 
follows: 
3.2.1 Set up the first machine tool, as-
sociated fixtures, load program, and, tooling. 
3. 2. 2 Load the conveyor with parts to be 
machined on the first machine tool. 
3.2.3 Robot will commence attending this 
machine while blocking out all motions toward the 
second machine tool while it is being setup. 
3.2.4 Set up the second machine tool, as-
sociated fixtures, load program, and tooling. 
3. 2. 5 Load the conveyor with parts to be 
machined on the second machine tool. 
3. 2. 6 Robot will commence full operation of 
the cell at this time, attending both machine 
tool when signaled by CNC machine tool of com-
pleted operation. 
3.2.7 Completed parts will be unloaded to 
outgoing conveyor for sub·sequent processing 
through the cell. 
The objective of blocking out the second machine 
is to prevent machines from sitting idle during 
set up. Robot vendor is requested to offer al-
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• 
ternatives to these setup procedures as outlined 
in 3.2.1 through 3.2.5. 
4.0 TYPICAL FLOOR TO FLOOR PROCESSING TIMES, ASSUMING 100% 
EFFICIENCY: 
Process Routing Information 
Part Process 
Number Time 
(min.) 
Number 
of Parts 
for 8hr. 
Length of 
Conveyor 
(ft. ) 
----------------------
--------------
509004 
509006 
509007 
509100 
509102 
509461 
509531 
8251254 
8251910 
15.0 
12.0 
16.5 
12.0 
18.0 
33.0 
25.0 
33.0 
33.0 
5.0 GENERAL SPECIFICATIONS: 
32 
40 
29 
40 
27 
15 
19 
15 
15 
5.1 Manpower Requirements 
11 
13 
10 
22 
27 
13 
6 
13 
13 
The cell must operate with no more than one half man 
in it. 
5.2 Selection of Robotic System 
The selection of the Robotic System will be based on 
price, tending simplicity, manpower requirements, 
warranties, compliance to sequence of operations, con-
formity to the machinery as described, and general 
overall layout of the cell. 
5.3 Vendor Proposal 
Vendor to quote Turn Key Robotic System with a layout 
showing all equipment in the cell. 
88 
8. References 
[1] Cutkosky, Mark R., Fussell, Paul S., Milligan, Robert 
Jr. "The Design of a Flexible Machining Cell for Small 
Batch Production", Journal of Manufacturing Systems, 
Volume 3, Number l, (1984). 
[2] Bergstrom, Robin P. "FMS: The Drive Toward Cells·", 
Manufacturing Engineering, August 1985. 
['3] Mason, Fred. "Planning a Machining Cell", American 
Machinist, October 1985. 
[4] The Intelligent Management System--An Overview, Tech-
nical Report CMU-RI-TR-81-4, August 1981 . 
. . [5] ... Albus, Hocken, Simpson, The AMRF National Bureau of 
Standards, Journal of Manufacturing Systems, Volume 1, 
Number 1, (1982). 
'.[6] Ogorek, Micheal, "Workholding in the Flexible System", 
Manufacturing Engineering, July 1985. 
I7] Nagel, Roger N., Garriagn, Scott R., "An Analysis of 
Robot Software and Plans for its Enhancement, AGARD, 
89 
Spetember 1985. 
[8] Montforte, Mathew L., "Tool Changing Robot Hands", 
Robotics Age, May 1985. 
[9] Groover, Mikell P., Weiss, Mitchell, Nagel, Roger N., 
Odrey, Nicholas G.~ Industrial Robotics: Technologyl 
Programming, and Applications, McGraw-Hill, 1985. 
[10] Schubert, M., Siemens, K. J., Tonshoff, H.K. 
"Investigations on Increasing Flexibility of Hardware 
and Software of Industrial Robots", Journal of 
Manufacturing Systems, Volume 3, Number 2, 1984. 
[11] Barringer, Paul. "Probes are Key to Control", American 
Machinist, August 1985. 
[12] Kehoe, Ellen J. "Practical Robot Safety", Robotics 
Today, April 1985. 
[13] Stauffer, Robert N. "Maintenance at a High-Tech Chrys-
ler Plant", Robotics Today, August 1985. 
[ 14] Fotsch, Richard J. "Machine Tool Justification 
Policies: Their Effect on Productivity and 
90 
• •·••• .j 
Profitability", Journal of Manufacturing Systems, 
Volume 3, Number 2, 1984. 
[15] Cincinnati Milacron Publication Number M-5277. 
[1:6] Boren, Robert R., "Graphics Simulation and Programming 
for Robotic Workcell Design," Robotics Age, August 
1985. 
{17] ASEA Technical paper CK 09-1105E. 
J.18] .Groover, Mikell P. Automation, Production Systems and 
Computer-Aided Manufacturing. Englewood Cliffs: 
Prentice-Hall, 1980. 
[19] ASEA Technical Paper CF 09-6100E 
91 
.. 
9~ Biography 
James Madison Reid was born in Cincinnati, Ohio to Ann and 
Horace Reid Jr. on March 14, 1961. He graduated from 
Lehigh University in June of 1983 with a Bachelor of 
Science in Industrial Engineering. Returning to school • in 
January of 1985, he is working on a Master of Science • in 
Manufacturing Systems Engineering. 
92 
